Background/Aims: An interaction between human schistosomiasis and viral hepatitis B has often been suggested, but never established. The experimental investigation has been hampered by the lack of a suitable model. Only woodchucks are susceptible to both Schistosoma mansoni and a B-like hepatitis virus (WHV) infections. This study explores the relevance of this unique model regarding hepatitis/schistosomiasis interactions.
Introduction
Patients with Manson's hepatosplenic schistosomiasis were claimed to be 7±10 times more susceptible to co-infection with the hepatitis B virus than healthy blood donors from the same geographic area or even patients with mild schistosome infection [1±3] . Patients presenting the hepatosplenic form of schistosomiasis associated with hepatitis B usually show persistent viremia and exhibit chronic active hepatitis on liver biopsy, sometimes with the clinical picture of so-called decompensated schistosomiasis, evolving to cirrhosis [1, 3, 4] . Similar ®ndings were also observed with viral hepatitis C [5, 6] . Conversely, other studies denied any special relationship between schistosomiasis and infections with hepatotropic viruses [7±9] . The subject has been thoroughly reviewed in an article that signi®cantly bears the title:`Hepatitis B and schistosomiasis: interaction or no interaction?' [10] .
To clarify these controversial observations, an experimental model susceptible to both schistosomiasis and viral hepatitis would be helpful. The woodchuck (Marmota monax) is unique in this regard, since it is both susceptible to a B-virus-like hepatitis, the woodchuck hepatitis virus (WHV) [11±14] and Schistosoma mansoni [15±17]. However, aside from the information that woodchucks can be infected with S. mansoni, can form periovular granulo-mas in their tissues and can eliminate viable eggs in the stools, very little is known about the kinetics of the infection in this host. This is a crucial point, since prolonged parasitic infection would be required for comparison with the disease as seen in man, and to study its relationship to viral hepatitis.
The present investigation is primarily concerned with establishing the main pathological characteristics of schistosomiasis in woodchucks and, at the same time, to observe which are the differential changes in animals with or without concomitant chronic WHV infection. This study was, therefore, an attempt to investigate whether the woodchuck would be the appropriate experimental model to clarify the problem of schistosomiasis/viral hepatitis interaction.
Materials and methods

Single infection with S. mansoni
Four eastern woodchucks (M. monax) and three alpine woodchucks (Marmota marmota, [18] ), males and females, with weights varying from 6.4 to 2.4 kg, were submitted to infection by subcutaneous injection of approximately 500 recently eliminated S. mansoni cercariae of a Brazilian strain [19] . Some animals received a second inoculum 1 or 2 months following the ®rst infection, the total number of cercariae reaching 650± 1350. The animals were tested for hepatitis virus infection and all were negative. Every M. marmota presented antiviral antibodies in their sera (anti-WHBs), but they were negative for the viral antigen. The animals were not manipulated during hibernation, although two of them died during that period. The animals either died or were sacri®ced within the periods from 1 to 9 months following ®rst infection. The details can be seen in Table 1 .
Infection with WHV alone
Nine clean M. monax were inoculated with a pool of sera from three animals proven to be carriers of WHV. Serial bleedings and percutaneous needle biopsies of the liver were performed before infection, and at monthly intervals thereafter to monitor liver changes and WHV markers [20] .
Double infection with S. mansoni and WHV
Four M. monax were included in this group. Two were carriers of the WHV and were submitted to infection with S. mansoni cercariae. The other two were simultaneously infected with both the hepatitis virus and S. mansoni. Details appear in Table 2 .
Pathology
After death or sacri®ce, the woodchucks were autopsied. Following gross inspection of the cavities, the liver, spleen, lungs and intestines were examined. Fragments of these organs were ®xed in 10% buffered formalin and embedded in paraf®n. Five-micrometer thick sections were stained using the following methods: hematoxylin and eosin, sirius red for collagen, Gomori's silver impregnation for reticulum, orcein for elastic ®bers, periodic-acid Schiff (PAS), with and without previous diastase treatment, and with Perl's technique for iron.
WHV infection monitoring
WHsAg was determined using a commercial kit (AUSRIA, Abbott Park, IL) taking advantage of the antigenic cross reactivity with HBV. Quanti®-cation of secreted viral DNA was achieved by dot±blot analysis with a P-32-labeled genomic WHV probe, as previously reported [20, 21] .
DNA polymerase (DNAp) was determined according to the method of Hantz et al. [22] .
Results
Single schistosomal infection
During early infection, that is, up to 2 months, the intestines were the main site of lesions caused by schistosomes. Two animals died after presenting severe bloody diarrhea.
The number of eggs and the intensity of the in¯ammatory response that resulted were greater in the sections taken from the intestines than in those from the liver or lungs. Both large and small intestines were similarly involved and the lesions were diffusely distributed, but with irregular focal areas of more accentuated involvement. Accumulation of granulomas in the submucosal and subserosal coats sometimes formed small tumor masses or polyps that bulged on the surfaces. The submucosa, and to a lesser extent, the muscular coat, were thickened and partially destroyed by the numerous large periovular granulomas (Fig. 1 ). Venous thrombosis with focal hemorrhage, necrosis and formation of micro-abscesses were noted. In¯ammatory and ®brotic lesions around eggs were also seen within the subserosa and sometimes extended and involved the mesenteric adipose tissue. The granulomas were rich in macrophages. These cells were concentrically distributed around the parasite eggs, together with numerous eosinophils and some lymphocytes and ®broblasts. Central purulent necrosis was seen in a few granulomas, but a hyaline halo (Hoeppli phenomenon) was rarely seen. Surprisingly, ®brosis was not a prominent ®nding during the acute phase. The amount of collagen in the granulomas, as observed with picrosiriusred staining under polarized light, was usually scanty, rarely reaching a moderate degree, although a fair amount was seen in more chronic infections. The mucosa appeared preserved and contained a few mature eggs, usually without in¯ammatory reaction. In the liver, periovular granulomas were scattered and distributed within the smaller portal spaces. They were isolated, rarely clustered, and were characterized in the acute phase by a predominantly exudative reaction around the mature eggs and, sometimes, by a large amount of periovular ®brosis, which expanded the ®brous tissue of a given portal space, but without causing systematized periportal ®brosis. A mild degree of septal ®brosis was noted radiating from ®brotic portal spaces. The portal cellular in®ltration by mononuclear cells admixed with eosinophils was frequently seen, the intensity varying from mild to moderate. Sometimes, these changes were seen regardless of the presence of granulomas, but did not involve all portal spaces. The liver parenchyma appeared undisturbed, even in the presence of many granulomas located within the portal spaces. The only parenchymal change was the vacuolization of hepatocytes (fatty change) which was sometimes massive. This change was probably related to hibernation and did not interfere with the number, type or size of periovular granulomas, nor with extra-granulomatous in¯ammatory reaction in periportal regions.
Considerable modulation of the lesions was present during chronic infection, both in the intestines and liver. In animals with 9-month-old infections, changes in these organs coincided with evident diminution of the parasitic elements. The eggs became scanty, being represented by a moderate number of calci®ed (dark) eggs and empty and fragmented shells were surrounded by small, pigmented, ®brotic granulomas (Fig. 2) . Sometimes, numerous microscopic ®elds had to be searched to ®nd one or a few periovular granulomas. However, the liver presented a mild to moderate ®brous expansion of the portal spaces, chronic hepatitis and a mild degree of septal ®brosis in the absence of obstructive or other portal vein lesions (Fig. 3) .
Changes in the spleen and lungs were mostly non-speci®c. Congestion was marked during the acute changes, with considerable cellular hyperplasia in both the white and red pulps of the spleen. Later, the structure of the spleen returned to normal. The lungs sometimes presented a combination of acute congestion, focal broncho-pneumonia and interstitial pneumonitis, probably the immediate cause of death in some animals. No signi®cant differences in the course of schistosomiasis and the type of associated lesions were seen between the two species of woodchucks studied.
Single hepatitis virus infection
From 1 to 2 months after inoculation, all animals in this group showed the classical features of acute viral hepatitis, with the presence of both WHsAg and WHV DNA in the serum. Needle biopsies performed early on during infection revealed parenchymal disarray with diffuse leukocyte in®l-tration and hepatocyte ballooning. Six animals seroconverted to anti-WHsAg, became WHV-DNA negative, and resolved the acute hepatitis. Three other animals remained positive for hepatitis markers, developing a carrier state for WHV. Six months later, these three animals exhibited mild to moderate degrees of chronic hepatitis on liver biopsies, without ®brosis. The same histological features persisted thereafter, except in one animal which died and disclosed hepatocarcinoma at autopsy.
The most common hepatic changes were portal in®ltra-tion by mononuclear leukocytes. Some degree of small bile duct and ductular proliferation and mild ®brous expansion of the portal space were also present. Parenchymal changes were limited to focal steatosis and leukocyte accumulation in occasional sites of single cell necrosis.
Schistosomiasis and viral hepatitis co-infection
The changes observed in four animals with both schistosome and viral hepatitis infections presented a combination of the changes described in the two previous groups. Except for the presence of periovular granulomas and a more prominent degree of portal ®brosis, hepatic changes in this group did not differ from the previous ones. No difference was seen in the two carriers of WHV superinfected with schistosomiasis compared with the two others that were simultaneously co-infected with WHV and schistosomiasis. Chronic portal in¯ammation and mild parenchymal changes were equally present in the three groups. Portal and septal hepatitis were always mild to moderate. An admixture of lymphocytes with eosinophils was almost always present in the perigranulomatous in®ltrates (Fig. 4) . No signs of necro-in¯ammatory activity (`piece-meal necrosis') were seen.
Impact of schistosomiasis on WHV markers
Superinfection with S. mansoni in two WHV carriers did not signi®cantly in¯uence the serum levels of WHsAg, WHV DNA and DNAp in the two animals concerned (Fig. 5A,B) . Similarly, neither the time course of WHsAg and WHV DNA nor their serum levels in the woodchucks simultaneously co-infected with both agents differed from what was observed for the nine woodchucks inoculated with WHV alone (data not shown).
Discussion
Previous studies related to schistosomiasis affecting wild animals have indicated a susceptibility of M. monax to S. mansoni [15, 16] . This rodent was found to be very susceptible to infection with S. mansoni and able to form large periovular granulomas in the liver, intestines and lungs in early infection. A third study, solely concerned with schistosomiasis in woodchucks, con®rmed the previous reports [17] . The present study con®rms the susceptibility of M. monax, and describes for the ®rst time that M. marmota, the Alpine woodchuck, also presents a similar susceptibility. Unfortunately, M. marmota is not susceptible to the WHV [18] . Both species exhibited a similar and very peculiar behavior when infected with S. mansoni, the infection presenting a biphasic course. At ®rst, the animals tended to develop an acute phase, with most of the lesions concentrated in the intestines, rather than in the liver, with large and destructive periovular granulomas. This involvement was so severe as to cause death. However, these intestinal and hepatic lesions were not only modulated with time, but the infection itself tended to undergo a self-cure within a span of 9 months. This peculiar feature limits the usefulness of the adult woodchuck schistosomal model, especially when the aim is to study its relationship to a long standing condition, such as viral hepatitis.
Mild to moderate degrees of chronic hepatitis were observed in the woodchucks with schistosomiasis, regardless of the presence of viral infection. Similar hepatitic changes have been seen in several other hosts with experimental schistosomiasis, and in the absence of viral hepatitis [23] . In this study, no speci®c interaction of the parasitic infection on WHV infection parameters could be seen. However, it could be argued that a prolonged time of observation would be necessary to follow the interplay with hepatitis. Most of the experimentally infected adult woodchucks experience self-limited hepatitis infection, while only the very young develop a chronic carrier state with a later phase of breakdown of immune tolerance and hepatitis exacerbation mimicking the natural history of HBV infection in man [11] . Further studies should therefore be carried out in younger woodchucks with a mild worm burden. Repeated cercarial expositions could also be tried in order to optimize the model. However, by comparison with what happens in other hosts, such as monkeys and rabbits [24±26], which are also able to control acute lesions and self-cure the infection, a strong and likely sterile immunity will develop and prevent further schistosome infections. Although the state of hibernation may also play a role in schistosomal infection, Hommel et al. [27] were unable to observe any modi®cation in the course of S. mansoni infection in the golden hamster (Cricetus cricetus) during hibernation. Despite its limitations, the woodchuck still remains the best candidate to experimentally explore the interrelationship between viral hepatitis B and schistosomiasis, an association affecting large population groups in tropical areas.
